The budding yeast Saccharomyces cerevisiae uses two mitogenactivated protein (MAP) kinase cascades, the Hog1p and the Mpk1p pathways, to signal responses to hypertonic and hypotonic stress, respectively. Mammalian cells and the fission yeast Schizosaccharomyces pombe have functional homologues of Hog1p -p38/RK/CSBP and Sty1 -which, unlike Hog1p, also mediate other responses. We have investigated the involvement of S. pombe MAP kinase pathways in signalling a newly described response to osmotic stress -that of vacuole fusion and fission.
Background
The ability to respond to changes in the external environment is a fundamental property of living cells. One environmental factor of critical importance is the surrounding osmolarity. In the budding yeast Saccharomyces cerevisiae, two protein kinase cascades have been implicated in signalling changes in osmolarity: one in response to hypertonic stress and the other in response to hypotonic stress (reviewed in [1, 2] ). Both pathways involve homologues of mitogen-activated protein (MAP) kinase. At the core of such pathways, signals are generally transduced via a MAP kinase kinase kinase (MAPKKK), MAP kinase kinase (MAPKK) and MAP kinase. In response to increased osmolarity, the Hog1p kinase pathway becomes activated by the action of two distinct receptors. One is a phosphorelay receptor that acts through the MAPKKKs Ssk2p and Ssk22p, whereas the other receptor acts through the MAPKKK Ste11p; both converge on activation of the MAPKK Pbs2p [3, 4] . This phosphorylates the MAP kinase Hog1p, which in turn leads to the induction of a particular set of genes. One of these genes encodes glycerol-3-phosphate dehydrogenase, the overproduction of which results in increased synthesis of glycerol, thereby restoring osmotic balance between the cytosol and the external medium [1] . In addition, a shorter-term response appears to require the normal functioning of the yeast vacuole -the equivalent of the lysosome of higher eukaryotic cells [5, 6] .
Higher eukaryotes also possess at least some of the components of the S. cerevisiae hypertonic stress response pathway: the Hog1p homologue, variously known as p38, CSBP, Mpk or RK, is phosphorylated in response to osmotic stress [2] . One of its substrates is another kinase, MAPKAP2, which when activated can phosphorylate the heat-shock protein Hsp27. This phosphoprotein is then thought to stabilise the actin cytoskeleton [7] , providing a short-term mechanical response to osmotic stress that is independent of gene transcription. Like some other signal transduction components, but unlike Hog1p, p38 can be activated by a variety of stresses and external signals in addition to changes in osmolarity [2] . A second MAP kinase cascade, involving the MAP kinase Mpk1p, is activated in response to low osmolarity in S. cerevisiae [8] , but its ultimate targets are at present unknown.
The fission yeast Schizosaccharomyces pombe is a simple eukaryote which, like S. cerevisiae, is amenable to genetic analysis, but is in many respects a very different organism. S. pombe homologues of several components of the Hog1p pathway have been identified: the phospho-relay response regulator Mcs4 [9] , the MAPKKK Wik1/Wak1 [9, 10] , the MAPKK Wis1 [11] and the MAP kinase Sty1/Spc1/Phh1 [12] [13] [14] . Sty1 becomes hyperphosphorylated in medium of high osmolarity and in turn activates the transcription factor Atf1/Gad7 [15] [16] [17] [18] , resulting in induction of glycerol-3-phosphate dehydrogenase [19] [20] [21] . Like mammalian p38/RK, but unlike S. cerevisiae Hog1p, Sty1 is activated by a range of different stresses and is also involved in control of the cell cycle and the mating pathway [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , raising the issue of how a single signalling molecule can respond in such diverse circumstances. A homologue of the Mpk1p hypotonically activated MAP kinase, Pmk1/Spm1, has also been described in S. pombe [22, 23] .
Here, we describe a different osmotic response of S. pombe, involving the fusion or fission of vacuoles. Under normal conditions, S. pombe has a large number of small vacuoles. After hypotonic or hypertonic stress, however, the size and number of vacuoles can change dramatically. We describe the characteristics and genetic requirements of these responses. The differing need for components of the Sty1 pathway in the hypertonic and hypotonic response indicates that, as well as signalling the hypertonic response, this pathway has a separate role in the hypotonic response that does not involve stimulated phosphorylation. We propose that these changes to vacuoles may be a mechanism of cytoplasmic homeostasis and discuss the possible significance of a requirement for a signal transduction pathway in the absence of signalling.
Results

S. pombe vacuoles respond to low and high osmolarity
Vacuoles of S. pombe were visualised using CDCFDA, a fluorescein derivative that is hydrolysed in the vacuole to a fluorescent, membrane-impermeant species. S. pombe in normal growth media has numerous small vacuoles (Figure 1a ,b; Table 1 ). When the cells were transferred from medium to water, the appearance of the vacuoles changed strikingly: a smaller number of much larger structures was apparent (Figure 1c ).
The appearance of the vacuoles under conditions of low osmolarity resembled their appearance in an S. pombe mutant disrupted in ypt4 (Figure 1d ), a gene encoding a member of the Rab family of GTP-binding proteins whose function is otherwise unknown ( [24] ; A. Pidoux, N.B. and J.A., unpublished observations). When the ypt4 disruptant was placed in water, the vacuoles became even larger (Figure 1e ). To investigate whether high osmolarity also affected vacuole size, wild-type cells were placed in medium supplemented with 0.1 M NaCl. This caused no obvious change (data not shown; Table 1 ). The same treatment of ypt4 disruptants, however, resulted in the vacuoles becoming smaller and resembling those of wild-type cells (Figure 1f ). Thus, both low and high osmolarity can result in changes in the number and size of vacuoles in S. pombe. Vacuole responses of S. pombe. Vacuoles of (a-c) wild-type (wt) cells or (d-f) ypt4 disruptants ( [24] ; A. Pidoux, N.B. and J.A., unpublished data) were labelled with the fluorescein derivative CDCFDA [34] and cells were either (a,b,d) left in rich YES medium, (c,e) transferred to water for 4 min, or (f) transferred to YES medium containing 0.1 M NaCl for 5 h, and observed by confocal microscopy. (a,b) The same field was viewed by transmission optics and epifluorescence, respectively, to show the cell outlines. In both cell types, water induced fusion of vacuoles to larger structures, whereas 0.1 M NaCl caused an apparent reversion of ypt4 disruptants, such that they resembled wild-type cells in medium. The scale bar is 10 µm.
These changes were quantitated by measuring the diameters and numbers of vacuoles in cells under different conditions ( Figure 2 ). This showed that the average number of vacuoles in wild-type cells decreased from 83 to 16 after placing them in water, while the average diameter increased from 0.47 µm to 0.92 µm. The vacuoles of the ypt4 disruptant in water enlarged further, with an average diameter of 1.67 µm. The average vacuolar surface area and volume per cell were calculated ( Figure 2 ). This showed that the total area of vacuolar membrane remained approximately constant after hypotonic stress, suggesting that the changes represented fusion of pre-existing vacuoles. Placing wild-type cells in water, however, resulted in an increase in vacuolar volume per cell of approximately 165%.
Characteristics of the vacuole fusion and fission responses
The fusion and fission responses were further investigated in wild-type and ypt4-disrupted cells (Table 1) . Fusion in response to water was complete after 5 minutes and was not inhibited by the protein synthesis inhibitor cycloheximide. Fission in ypt4 disruptants in response to high salt took several hours and was inhibited by cycloheximide. Cells exposed to high salt had lost the ability to respond subsequently to water unless the high-salt incubation had been in the presence of cycloheximide. In contrast, when wild-type cells were returned from water to normal medium, restoration of vacuole size occurred after several hours but was unaffected by cycloheximide, indicating that protein synthesis is not always necessary for vacuole fission. Thus, vacuole fusion is rapid and slowly reversible. Fission, however, is considerably slower, and once cells are adapted to high salt, the rapid response to low osmolarity is inhibited. In order to investigate whether vacuole fusion was a response to starvation rather than reduced osmolarity, cells were placed in minimal medium in which glucose had been replaced by sorbitol. This had no effect on vacuole size ( Table 1) .
The Sty1 pathway is required for vacuole fission; Pmk1 is required for vacuole fusion
As the Sty1 pathway is implicated in the hypertonic response of S. pombe, we tested the requirement for components of this pathway in vacuole fission by constructing strains that were doubly disrupted in ypt4 and wis1, sty1 or atf1. Disruption of wis1 or sty1 blocked the fission of vacuoles in response to high salt (Figure 3a ,b,d,e; Table 2 ). Disruption of atf1, however, had no effect on the fission response (Figure 3c ,f), indicating that the target of Sty1 that mediates vacuole fission is not Atf1. We also tested the requirement in vacuole fusion for Pmk1, the homologue of the hypotonically activated MAP kinase Mpk1p: disruptants of pmk1 showed no vacuole fusion in response to water (Figure 4a,b) . Thus, the responses of vacuoles to both hypertonicity and hypotonicity require the activities of the MAP kinases implicated in other responses to these osmotic stresses.
Research Paper Vacuole fusion and fission in S. pombe Bone et al. 137 Table 1 Vacuole size in wild-type and ypt4-disrupted S. pombe. Normal Large Cells were labelled with CDCFDA then incubated as described. YES, standard rich medium; 0.1 M NaCl, YES supplemented with 0.1 M NaCl; CHI, 10 µg/ml cycloheximide added; minimal/sorbitol, minimal medium in which glucose was replaced with equimolar sorbitol. 'Normal', 'large' and 'very large' are as exemplified in Figure 1b ,c,e, respectively. N.d., not determined. 
Incubation
Pmk1 is required for vacuole fission; the Sty1 pathway is required for vacuole fusion
Although Pmk1 is a sequence homologue of S. cerevisiae Mpk1p, its function remains unclear. It has been proposed that it is activated by very high, rather than low, osmolarity [23] . We therefore constructed a pmk1 ypt4 double disruptant and tested its response to high salt: its vacuoles failed to undergo fission (Figure 4c,d ). Thus, Pmk1 is required for both the hypertonic and hypotonic vacuole response. The requirement of the Sty1 pathway for vacuole fusion was then tested. Surprisingly, disruption of wis1 prevented vacuole fusion in response to water (Figure 5a,d; Table 2 ).
Disruption of sty1, and in this case atf1, also blocked fusion ( Figure 5b ,c,e,f). 
Figure 4
The MAP kinase Pmk1 is required for both vacuole fusion and fission. Disruptants in pmk1 were labelled and incubated in either (a) medium or (b) water. Double disruptants in pmk1 and ypt4 were incubated in either (c) medium or (d) medium containing 0.1 M NaCl. The scale bar is 10 µm. Cells were incubated as described in the legend to Figure 1 . 'Normal', 'large' and 'very large' are as exemplified in Figure 1b ,c,e, respectively.
The requirement for Sty1 in vacuole fusion is not related to Sty1 hyperphosphorylation
The Sty1 pathway is required for the response of vacuoles to water, yet under these conditions the kinase cascade is not expected to be activated. To test this prediction, we compared the tyrosine phosphorylation of epitope-tagged Sty1 protein in normal medium and after exposure to water. There was no detectable change in the basal level of phosphorylation ( Figure 6 ), implying that the Sty1 pathway is necessary for, but not activated during, the water response of vacuoles. Various other stresses, including hydrogen peroxide, menadione and anisomycin, are known to result in Sty1 hyperphosphorylation [21] . The effects of these agents on vacuole fusion and fission were tested in wild-type and ypt4-disrupted cells, respectively ( Figure 7a ,b). Disruption of wak1 or mcs4 prevented saltinduced vacuole fission. Neither disruption prevented vacuole fusion in response to water, however, in contrast to the requirements for the downstream MAPKK, MAP kinase and transcription factor.
The lack of requirement for Wak1 in vacuole fusion allowed us to test its involvement in vacuole fission in the absence of the ypt4 disruption. Wild-type and wak1-disrupted cells were first placed in water, then in medium containing 0.1 M NaCl for 4 hours. The vacuole morphology of wild-type cells reverted to normal when they were transferred from water to medium supplemented with salt, as they did when they were transferred to unsupplemented medium ( Figure 7c ). However, the vacuoles of wak1 disruptants, even in the presence of the additional hypertonic stimulus, remained large ( Figure 7d ). Wak1 is thus required for vacuole fission in both wild-type and ypt4-disrupted cells, suggesting that the involvement of the Sty1 pathway is similar in both cases, although the requirement for protein synthesis is different (Table 1) .
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Ypt7 is required for vacuole fusion
Isolated vacuoles from S. cerevisiae can undergo fusion in vitro [25, 26] . One factor required for this process is the Rab protein Ypt7p [27] . We have identified the homologous S. pombe gene, ypt7 + , by designing polymerase chain reaction (PCR) primers on the basis of sequence conservation between Ypt7p and its mammalian homologue Rab7 (Figure 8a ). We generated disruptants in ypt7, which were viable and had numerous small vacuoles (Figure 8b ). When placed in water, the disruptants showed no obvious change in vacuole morphology (Figure 8c) . Thus, S. pombe Ypt7 is required for vacuole fusion in vivo.
Discussion
Vacuole fusion and fission as homeostatic responses
Changes in the external osmolarity, and the consequent entry or exit of water, threaten the integrity of the cell in two ways. First, cells may shrink, or swell to the point of lysis. Secondly, even in cells such as yeasts, which have a rigid wall, concentration or dilution of the cytosol may perturb intracellular conditions sufficiently to affect the cell's metabolism. Here, we have described changes in the size and number of vacuoles in the fission yeast S. pombe as a result of exposure to high or low osmolarity. What significance might these changes have for the cell as responses to osmotic stress? From an approximate quantitation of vacuole size and number, it appears that the area of vacuolar membrane per cell does not change substantially in response to hypotonic stress; however, the total volume of vacuoles can change significantly ( Figure 2 ). In principle, this could act as a homeostatic mechanism that relies on geometric principles. In hypotonic conditions, incoming water may dilute the cytosol, and we have shown that under these conditions rapid fusion of vacuoles results in an increased vacuolar volume. As the vacuole membranes presumably remain sealed, the increased volume is likely to derive from water from the cytosol. Thus, vacuole fusion (and fission under hypertonic conditions) could have the effect of restoring the water content of the cytosol.
For such a mechanism to be plausible, two conditions must apply. First, the vacuoles must contain a significant proportion of the cell's volume. Estimating the volume of a fission yeast cell by considering it as a cylinder with hemispherical ends, an overall length of 10 µm and a diameter of 3.5 µm, the proportion of volume occupied by vacuoles ( Figure 2 ) increased from 3.4% to 8.9% upon exposure to water; thus, vacuole fusion could have a significant effect on the concentration of water in the cytosol. The second condition is that the total cell volume increases upon exposure to water, otherwise the effect of vacuole fusion would be to concentrate the cytosolic contents. S. cerevisiae cells in hypertonic conditions show dramatic reductions in cell volume [28] , but the cell wall might prevent any corresponding increase in volume after hypotonic stress. Although the yeast cell wall is likely to be rigid, it is possible that the plasma membrane can change shape with the entrance and exit of water. In S. cerevisiae, finger-like invaginations of the plasma membrane have been described, which are surrounded by cortical actin [29] . Similar structures, although of less well-defined morphology, have been described underlying the poles of the S. pombe cell [30, 31] . The patches of cortical actin redistribute dramatically in response to water [32] . Conceivably, the invaginations might act as a reservoir of membrane that could flow into the plasma membrane after being released by actin, allowing the membrane to expand. These observations are combined in the speculative scheme shown in Figure 9a . The distribution of cortical actin to the ends of the cell during the cell cycle corresponds to the changing sites of cell growth, and hence secretion [33] . In S. cerevisiae, actin is involved in both secretion to the cell surface [34] and endocytosis [35] . Thus it may be of interest to explore the relationships between these two processes and the hypotonic response in S. pombe.
The vacuoles of S. pombe can change in response to both hypotonicity and hypertonicity. However, the responses are clearly not strictly reciprocal. Firstly, the fission response is detectable only in cells already having vacuoles that are larger than normal. Secondly, fission is considerably slower than fusion (Table 1) . It is possible to rationalise this latter difference in terms of the environmental stresses to which S. pombe would naturally be exposed. The most obvious hypotonic stress is sudden rainfall, which would change the osmotic conditions in seconds. A correspondingly rapid response would minimise the disturbance to the cell. Subsequent evaporation presumably would be a slower process, allowing the cell to respond with slower mechanisms. Given the time taken for the hypertonic response, it is possible that vacuole 'fission' is in fact a more complex process than the division of existing vacuoles. For example, the continued delivery of new membrane to the vacuoles by vesicle traffic may be required to bring about the observed changes in vacuole size. The isolation of mutants defective in these trafficking processes may permit the testing of this possibility.
Signal transduction to the vacuoles
The involvement of the Sty1 MAP kinase pathway in vacuole fission is consistent with the function of this pathway in other responses to hypertonic stress [12] [13] [14] and supports the notion that fission is a physiologically relevant response. More surprising is the lack of a role for the transcription factor Atf1, whose activation by phosphorylation is required for various other Sty1-dependent responses [17, 18] . Thus far, no other Sty1 targets have been identified. However, Atf1 is not required for the Sty1-dependent regulation of the G2/M transition [17, 18] or for survival after ultra-violet radiation [36] ; hence it is likely that other Sty1 substrates remain to be discovered. Indeed, vacuole fission in water-treated wild-type cells, unlike that in ypt4 disruptants, is not sensitive to cycloheximide (Table 1) .
Research Paper Vacuole fusion and fission in S. pombe Bone et al. 141 Figure 9 (a) A speculative model for volume changes in S. pombe after hypotonic stress. Patches of cortical actin (black dots) stabilise plasma membrane invaginations. When cells are placed in water, these actin patches rapidly disassemble and reorganise, allowing the invaginations to collapse into the plasma membrane and increase the cell volume, thus relieving the osmotic stress. Vacuoles (white circles) then fuse, increasing their volume by an equivalent amount and restoring the volume, and hence the concentration, of the cytosol. (b) The Sty1 pathway and vacuole responses. Basal activity of the pathway (lower left) -when components are phosphorylated at low levels -is required for the synthesis of a factor (X), which is subsequently needed for vacuole fusion after hypotonic stress. In the absence of the upstream components Mcs4 or Wak1, the residual activity of Wis1 is sufficient for this purpose. Activation of the pathway by hyperphosphorylation of the components (right) is required to signal vacuole fission after hypertonic stress. Signalling requires the upstream components of the pathway and a hypothetical Sty1 target, Y, but not the transcription factor Atf1.
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The requirement for the Wak1 MAPKKK in this process ( Figure 7) suggests that vacuole fission has the same requirements for the Sty1 pathway in both wild-type cells and ypt4 disruptants. (The involvement of Wis1, Sty1 and Atf1 cannot be tested directly as each is required first for vacuole fusion.) If this assumption is correct, it appears that the target of the Sty1 pathway in signalling the response to hypertonicity is not a transcription factor.
Thus, activation of the Sty1 pathway appears to be necessary for vacuole fission. It is not, however, sufficient. Like its mammalian homologue p38, Sty1 is activated by a range of stresses in addition to hypertonicity [21] . Several of these are without effect on vacuole morphology (Table 1) . Thus, additional signalling mechanisms appear to be required to accomplish vacuole fission. The investigation of these mechanisms may shed some light on the general problem of how the same signalling pathway may be involved in a range of quite different responses.
The requirement for the Sty1 pathway in the hypotonic response of vacuole fusion may appear paradoxical. There is no previous evidence for a role for this pathway, or the homologous S. cerevisiae pathway, in responses to hypotonic stress, and Sty1 is not detectably hyperphosphorylated under these conditions ( Figure 6 ). In addition, the response is rapid and independent of new protein synthesis (Table 1) yet requires the transcription factor Atf1 ( Figure 5) . A clue to reconciling these apparently contradictory observations is the lack of a requirement for the upstream components of the pathway, the MAPKKK Wak1 ( Figure 7 ) and the response regulator Mcs4 (Table 2 ). This might indicate that there are other routes to the activation of the MAPKK Wis1, as is the case with its S. cerevisiae homologue [3] . An alternative explanation, however, which is consistent with all of these results, is that the Sty1 pathway is required for vacuole fusion but does not signal it. Under normal growth conditions, Sty1 phosphorylation is low but clearly detectable ( Figure 6 ) [12, 13] and permits a basal level of Atf1-dependent gene expression [17, 18] . Thus this basal activity may be required for the synthesis, in advance of any hypotonic stress, of factors required for vacuole fusion. In the absence of the upstream components Mcs4 or Wak1, the residual activity of Wis1 and Sty1 may be sufficient to allow an adequate level of Atf1-dependent gene expression (Figure 9b) . Recently, it has been proposed that Sty1 may play a similar role in responding to ultra-violet light stress [36] . The high-salt response, in contrast, requires both of the upstream components ( Figure 7 , Table 2 ), implying that signalling through the pathway is required. It is possible that the high-salt response also requires prior basal function of the Sty1 pathway, but at present this cannot be tested.
What might be the significance of such a 'non-signalling' role for a signal transduction pathway? It seems unlikely to reflect a general involvement of the Sty1 pathway in the expression of a large number of genes, as disruptants in the components of the pathway are quite viable. Perhaps it offers an additional level of regulation of Sty1-dependent functions. For example, activation of the phosphatases that downregulate Sty1 [12, 13, 21] could reduce its activity to below the basal level and lead to a deficiency of the factors required for vacuole fusion. As one of these phosphatases, Pyp2, is itself produced as a Sty1-dependent and Atf1-dependent feedback response [12, 21] , this may explain why cells treated with high salt are refractory to subsequent vacuole fusion in water (Table 1) . At present there is no evidence for external mechanisms regulating either Pyp2 or the constitutively expressed Sty1 phosphatase Pyp1. These results raise the general possibility, however, that MAP kinase cascades, and other signal transduction pathways, may play an essential role in a cellular response without, or in addition to, signalling the response.
Like Sty1, the Pmk1 MAP kinase is required for both vacuole fusion and vacuole fission ( Figure 4 ). As Mpk1p, the S. cerevisiae homologue of Pmk1, is involved in responding to hypotonic stress [1, 2] , it might appear that Pmk1 functions reciprocally to Sty1. There is as yet no evidence, however, that Pmk1 is activated by hypotonic stress; on the contrary, it is hyperphosphorylated in very high salt conditions [23] . Thus it may be necessary to learn more about the upstream regulators [37] , downstream targets and general functions of Pmk1 before it is possible to clarify its role in the vacuole responses. Nevertheless, it is clear that both vacuole fusion and vacuole fission require the action, whether signal dependent or signal independent, of two distinct MAP kinases. The additional involvement of Pmk1 possibly explains why the various non-osmotic stresses that activate Sty1 are not sufficient to cause vacuole fission (Table 1) .
Vacuoles in S. cerevisiae versus S. pombe
The vacuoles of S. cerevisiae are also involved in responding to osmotic stress [5, 6] . Unlike S. pombe, S. cerevisiae in normal growth conditions has only a small number of large vacuoles; their membranes may in fact be continuous, forming a single, multi-lobed structure [38, 39] . Exposure to various stresses, such as starvation, causes the vacuole to inflate to a spherical structure [38, 40] . Starvation does not affect the vacuoles of S. pombe (Table 1) , so the responses of the two organisms may be quite different.
One consequence of having a single vacuole, however, is that S. cerevisiae requires machinery for fragmenting, partitioning and reassembling vacuoles during cell division [41] ; S. pombe, in contrast, has no such requirements and generates new vacuoles throughout the cell cycle (N.B. and J.A., unpublished observations). The process of vacuole fusion in S. cerevisiae has been reconstituted in vitro [25, 26] . This has permitted the identification of factors required for the process, particularly the Rab protein Ypt7p [27] and the SNAREs (soluble NSF attachment protein receptors) Vam3p and Nyv1p [42, 43] . In contrast to the Rab protein Ypt4, Ypt7 is structurally conserved between diverse eukaryotes. When we disrupted the homologous ypt7 gene of S. pombe, the disruptants failed to undergo vacuole fusion after hypotonic stress ( Figure 8 ). The hypotonic response of vacuoles in S. pombe is therefore likely to depend on the same cellular machinery that is generally involved in membrane docking and fusion, and among the components of this machinery may be targets of the hypotonic response signalling pathways.
The osmotic responses that we have described here, particularly the rapid fusion of S. pombe vacuoles, may be of wider interest as processes of membrane dynamics. Genetic approaches using S. cerevisiae have contributed greatly to current understanding of membrane traffic. This organism, however, is not known to possess a regulated secretory pathway analogous to that of endocrine or neural cells in higher organisms. However, the response of S. pombe to low osmolarity, like the process of regulated secretion, involves a rapid and specific fusion of membranes in response to an external signal. With a combination of genetic and biochemical approaches, it may be possible to dissect the molecular basis of this regulated fusion mechanism.
Materials and methods
Cell culture and vacuole visualisation
Growth of S. pombe in rich (YES) and minimal media, and construction of double mutants by crossing were according to standard methods [44] . The strains used are listed in Supplementary material. Haploid progeny from dissected tetrads were tested for auxotrophies as appropriate. In cases where this did not determine the genotype, potential double mutants were backcrossed to wild-type (strain 556) S. pombe to check for appearance of the original parental phenotypes. Labelling of S. pombe cells with the fluorescein derivative 5-(and 6-)carboxy 2′,7′-dichlorohydrofluorescein diacetate, bis(acetoxymethyl) ester (CDCFDA) was as described [38] . Cells were observed with a Biorad MRC600 confocal microscope, using transmission optics or epifluorescence with a fluorescein filter block. The numbers per cell and sizes of vacuoles were estimated by collecting images at 1 µm vertical intervals through the cell and measuring the diameter of each vacuole. Surface areas and volumes were then calculated individually and summed over each cell. Sty1 protein tagged with an HA epitope and His 6 was expressed in S. pombe, recovered with Ni 2+ -nitrilotriacetic acid beads and detected by immunoblotting with anti-HA or anti-phosphotyrosine antibodies as previously described [12] .
Identification and disruption of S. pombe ypt7
Sequence conservation between S. cerevisiae Ypt7p and mammalian Rab7 (Figure 8a ) was used to design the ypt7-specific 5′ primer GGATCCGGATCCGGIGTIGGIAARACIWSIYTNATG (where I is inosine and N, R, W and Y are equimolar mixtures of ACGT, AG, AT and CT, respectively). The 3′ primer for all Rab/Ypt genes (similar to oligo 2 in [45] ) was GTCGGCTAGATGGATCCTTCYTGNCCWGC-NGTRTCCCA. These were used to amplify part of the ypt7 gene from S. pombe genomic DNA, using 40 cycles of 94°, 20 sec; 2 min ramp to 40°, 30 sec; 72°, 3 min. The product was digested with BamHI, cloned and sequenced, revealing part of a sequence encoding a Ypt7 homologue. From this sequence an internal primer, AATCAGGTAT-GTTTTTTGAA, was synthesised. This and a plasmid primer were used to amplify an extended portion of the gene from a genomic DNA library in a derivative of the plasmid pUR18 [46] , kindly provided by A. Carr. A product of 700 bp was recovered and sequenced and found to encode most of the ypt7 gene (Figure 8a ) including two short introns. To disrupt the gene, parts of this sequence were re-amplified using primers incorporating terminal sequences from the S. pombe ura4 gene. These were (1) GCGGGATCCGAAGACGTGGCTCATGAATC and (2) CAGTGGGAATTTGTAGCTAAGCGTTTCCAAGCAAGATAA-AGGG for the 5′ section and (3) GTTTCGTCAATATCACACGTG-GAACAACAAAAGAGG and (4) CGCGGATCCGTCAGAATCCAT-GTTCTC for the 3′ section. The ura4 gene was amplified separately, and all three products were combined and re-amplified in a splice overlap extension using primers (1) and (4). The product was transformed into diploid S. pombe 611 and homologous integrants identified by diagnostic PCR, using one primer from the 3′ end of the ura4 gene and a second, CTGTAAAGTCTGCCGCAATA, complementary to the sequence adjacent to the 3′ end of the fragment used for transformation. The diploid was sporulated and tetrads dissected. From the four viable progeny, two ura + haploids were identified and disruption of ypt7 confirmed by PCR as before. Disruption results in truncation of the gene to encode a peptide lacking two of the conserved structural motifs of the small GTP-binding proteins (Figure 8a ). In addition, five nucleotides have been deleted to eliminate the formal possibility of a functional gene reassembling by internal recombination.
Supplementary material available
A table showing the yeast strains used is published with this paper on the internet.
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